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Page 20, equation (28): The numerical constant should be 0.0540 instead
of 16.2.

Page 20, equation (29): The numerical constant should be 0.00171
instead of 0.246.

Page 48, equation (C7a): The e~onent of ~ should be 3.815 instead of
3.82.

Page 48, equation (C7b): The numerical constant
.-

instead of O.97X10-10

Page 49, equation (C8b): The numericsl constant
“m of 4.20.

should be C).93x10-10

should be 4.05 instead

Page 50, equation (Cllb): The numerical constant should be 1.71X10-3
instead of 1.65X10-3

Page 69, figure n(c): The ordinate values should be 10 times as large
as the values indicated.
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EXPERIM3NTKG ~ION (Ill’TIME CONSTANTS AND

F~ mm-m rEIERMOCOUmES m HIGH-VWCmY

NIJsm ImmERs

AIRsmEAMs

AND AI?ALYTICAPPROXDM!ITON CI?CONDUCTION .

AND RADIATION ERRORS

By ~n D. Scadron and Isidore Warshawsky

Experiments were conducted to determine tim constants of several
bare-wire thermocouples mounted in cross flow to an air stream. Four
pairs of common thermocouple materials as well as three different wire
diameters were used. The probes were tested at the,exit of a room-
temperature jet exhausting into a pressure controlled chauiber. The Mach
number range was 0.1 to 0.9; the range of Reynolds nuniberbased on wire
diameter was 250 to 30,000.

For the configurations tested, thermocouple material,tie dism-
eter, gas pressure; and I&ch number were shown to influence the time
constant. From these data, a correlation between Nusselt and Reynolds
number was obtained
The correlation is

Nu =

for the range of Mach and Reynolds znmiberstated.

(0.42ti.018) (R&+)(0*5~@=005)pr0.3

or

Nu= (0.478+0.002)~Pr0”3

with average deviations of-a single obse~ation of 6.9 and 7.4 percent,,.”-”
respectively. The value R* is a Reynolds number computedb”y evalu-
ating gas viscosity and density at total temperature; Nu is Nusselt
number computedby evaluating gas thermal conductivity at total tempera-
ture, and Pr is the Prandtl number of the gas.

,-
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Graphs and nomo~aphs are presented for the
mate radiation error, conduction errory and ttie
couples.

NACA TN 2599

computation of approxi-
constant for thermo-

Analytic determinations are also presented of the effects of dis-
similarities in wire material and wire diameter on the steady-state tem-
perature distribution in the exposed portion of the wire, and of the
effect on time constant of conduction along the thermocouple wire to the
supports.

Performance

INTRoMJm

evaluation and control of jet engines, as well as the
fundamental studv of the related conibustionphenomena,-depend consider-
ably on a lmowle-~e of the steady and variable temperatur& of the gas
within the engine. At present, these temperatures are most commonly
measured with thermocouples. The measurement accuracy is generally
dependent on the temperature level, the gas velocity, the temperature of
the surroundingwalls, and the thermocouple construction. The design of
a thermocouple for any particular application represents a compromise
among the contradictoryfactors of accuracy, life, ruggedness, and
rapitity of response to changes as they are influenced by conduction and
radiation losses, partial adiabatic recovery, erosion, size, and con-
vective heat-transfer rate with the mambg gas.

Whether a thermocouple is designed to respond rapidly to tempera-
ture changes or to measure accurately the steady-state temperature of
the gas, the controlling factors are the same, although the orders of
importance maybe different. Although this report is concerned prin-
cipally with speed of,response, consideration of the related steady-
state accuracy is included.

Limited data have been available for estimating time constatis and
these data are for certain thermocouple designs and for a small range of
operating conditions. Data presented in reference 1 are time constants
of bsre-wire and radiation-shielded thermocouples at Reynolds numbers
(based on wire diameter) from about 15 to 900 and Mach numbers from 0.05
to 0.14. The work was performed in e-ust gases at 1000o F, at gas
velocities up to 250 feet per second, and with a step change of approxi-
mately 700° F. For a giveh thermocouple, the time constant was found to
vary with the 0.5 power of the Reynolds number. Additional response-
rate data on very fine wires for a Reyuolds nuniberrange of 3 to 340 and
a Mach numiberrange of 0.02 to 0.1 are presented in reference 2. As
shown in reference 2 and in other references, the study of response
rates can be tantamount to the measurement of Nusselt nuder. The rela-
tionbetween Reypolds mmiber and Nusselt number, and therefcme response

.
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rate, for cylinders in cross flow is represented in a compilation of
data in reference 3 for a Reynol& number range of 0.1 to 250,000 and
Mach numbers up to 0.1. As gas velocity approaches the sonic value, it
is conceiwble that compressibility effects, as represented by the Mach
nuniber,may influence the Nusselt mxiber. This influence is shownby
the data presented in reference 4. These data were obtained in the
Reynolds number range of 80 to 550 and Mach number range of 0.4 to 2.2.

The present work was undertaken to evaluate time constants of some
representative types of thermocouple probe that are applicable for use
in jet-engine operation. Experimental determinations were made of the
time constants of bare-wire thermocouples in cross flow to an air stream
for Reynolds ?.nmibersbetween 250 and 30,000 and for Mach numbers between
0.1 andO.9. Nusselt m.uiberswere computed from the experimental meas-
urements. The ranges of Reynolds and Mach mmiber reportedby refer-
ences 1 to 4, inclusive, as well as those presented herein, are shown in
figure 10

The associated theoretical analysis serves to evaluate the possible
effects of conduction on the time constant and to provide an estimate of
the conduction and radiation errors that canbe expected in steady-state
temperature indication. l?orthe range of conditions covered, the data
aid in establishing the relation among Nusselt, Reynolds, and Mach
nuuibersto an accuracy adequate for estimating conduction ~a radiaticm
errors and thermocouple time constants.

The work reported herein is part of
temperature measurements being conducted

TEE(IRY

a program of reseuch in high-
at the NACA Lewis laboratmy.

Method of theoretical treatment. - The theoretical treatment of
this 6ection will first define the concept of “time constant” as it
appears in the ’mostelementary case of comective heat transfer. Then,
in the treatment of the more general case of combined convective, con-
ductive,.and radiative heat transfer from a single wire, the manner in
which the time constant is affected by the presence of conducti-onand
radiation will be shown. This treatment will lead to theoretical form-
ulas for the approximate steady-state conduction and radiation errors.
The interrelationbetween the thermocouple response rate and the factors
affecting the steady-state errors will be demonstrated in the section
Basic emmple. Next, there will be considered several more ccmplex
situations of practical interest: the single wire replaced by a thermo-
couple, a thermocouple with intermediate supporting wires, a single wire
subjected to a step change from initial conditions different from those
considered under Basic exmnple, and a single wire heated electrically.

,.



4 NACA TN 2599

Finally, it will be shown how the introduction of empirically determined
constants into the theoretical fornmlas may be used for the numerical
computation of the approximate values of radiation error, the co~tant J
and conduction error. The symbols used throughout this report and the
detailed mathematical procedures that lead to the results presented in

.

this section are given in appendixes A, and B and C, respectively.

The heat-transfer relation for a bae-wire thermocouple used to
masure the temperature of an air stream will be developed under the

.following assumptions:

(a) The difference between thermocouple temperature and air-stream
temperature is small compared with the absolute tempaature level.

(b)
Sions of

that $:!

The thermocouple dimensions are small compared with the dimen-
the’duct or other solid enclosure.

Radial temperature gradients in the whe may be neglected, so
temperature at any cross section is constant throughout that

cross section.

(d) The thermocouple is constructed in one of the forms shown in
figure 2, with the thermocouple junction midway between the supports,
and with the support temperature remaining constant or else changing
very slowly as compared with the thermocouple-junctiontemperature.

Elementary case, excluding conduction and radiation. - In the
absence of conductive and radiative heat transfer, the balance between
rate of accumulation of heat in an element of len&th of wire and rate of
convective heat transfer to the same element of length would be expressed
by a simple total differential equation

(zcW
— - hA(Tg - TV)Pwcw V dt –

+here

A surface area

‘w specific heat of wire

h convective heat-transfer coefficient

T
i3

effective gas temperature

Tw tie temperature

(la)

.

.
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t time

7 volume

Pw wtre density

Equation (la) may be written

dcw

‘T +Tw=Tg (lb)

.

where T is the time constant of the wire. Characteristic of equa-
tion (lb) are the facts that

(a) In response to a sudden “step
an initial value ~Tg,l (at which time

to a new consjant value T
g)z’,

the wire

change*’in gas temperature from
Tw will be taken equal to T

&1 )

response will be givenby

Tw =Tg,2
-t/T

+ (Tg,l -,Tg,2)e

(b) In response to a sinusoidal fluctuation in
angular frequency m, represented by

and
to

!Cg=T g,av +T sin (W)

(2)

gas temperature, of

initiated at time t = O (at which time Tw will be taken as equal
T~,av), the wire temperature will be given by

TW. T

“a’‘IF=‘in‘ti-‘an-’‘“’]+‘2TT2‘-t”“)
General case...

transrer, equation
tion involving x,

- In the presence of conductive and radiative heat
(1) must be replaced by a partial differential equi-
distance along the wire~ as a second independent

variable. The solutions for response to a step change or to ~ sinus-.
oidal fluctuation are correspondinglymore complex. Examination of
these equations-and comparison with equations (2) and (3) indicate,
however, that, under the assumptiti initially stated, it is still poss-
ible to have a Ch3?X3CtE)ri8tiC time constant T for the thermocouple
(although it may no longer be numerically equal to that appearing in

. . -.—. . ——.—. ____ _ ..-———.—___ ——



6 NAG/lTN 2599

equation (lb)) and the behavior of the thermocouple junction can still
be described by equations of the form of equations (2) and (3).

In order to indicate the form of the time constant in the more
general case, as well as to evaluate the errors in stea@state teQera-
ture indication that are causedby conduction and by radiation, the gen-
eral heat-transfer equation will be derived.

For an element of len@h Ax of one of the wires, the rate of
storage of heat qp is equal to the sum of the rates of heat transfer
into the wtie eI.ementby the processes of conduction, convection, and
radiation. These rates of heat transfer will be denotedby ~, ~,
and qr, respectively, so that

The followlng additional symbols will be used:

D

k

<

L

Nu

‘d

Tw,m

a
g,d

Cg

Cw

a

(4)

tie M.ameter

thermal conductivity of gas

thermal conductivity of w3re

length of wire between supports

Nusselt number

equivalent duct temperature, defined as absolute temperature of a
black-body enclosure (of included solid angle 4YC)whose radia-
tion to thermocouple, through gas, will be same as that of
actual duct

absolute wire temperature at thermocouple junction

effective absorptivity of gas for black-body radiation at
temperature Td

effective emissivity of gas

emissivity of wire

Stefan-Boltzmann constant

*

— —— -—
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The rate of storage of heat in unit length

~“P.cw

The net rate of heat transfer
unit length of wire is

of the wire is

(5)

by conduction through the ends of

The rate of heat transfer by convection
wire per unit length of wire is

.

Klc= ~ (Tg.Tw) @

(6)

into the surface of the

(7)

From the surface of unit length of wire, the radiant power emitted
.

is aE&%D, the power received from the gas is 66 c
., . #g*@, a?Idthe

power received from the duct by transmission through the gas is
.
‘U OCw(l-ag,~)Td4@. Hence, the net rate of heat transfer by radiation to

the s~ace of unit length of wire is

+ &g4 -
1

TW4 d) (8)

However, if I%TJ”J-
may be introduced, permitting

the approximation Tg4-Tw4 ~ 4Tg3(Tg-Tv)

equation (8) to be written

qr = mw L 1
(l-ag,d) Td4 - (l-cg) Tg4 @ + 4Tg3 Ocv (Tg-Tw) @ (9)

An analysis of the shape factors that enter into the determination of

‘d
is presented in reference 5.

,.

—.— —.———.——
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Substitution of equations (5), (6), (7), and (9) into equation (4)

&rw 1 a2Tw
—=. —

T at ?+ a2

where T, q, and Tf are defined by

.

+Tf-Tw

%w%
T1 =

4 ~U kg

(TDT
%.= g4

~U kg

%%
p = (li-M1C#g)

Tf .,g+ ,pg,d$.j-

For purposes of future computation, it
introduce the thermal diffusivity of the wire

(lo)

(ha)

(llb)

(llC)

(lld)

(he)

(W)

1(1-$) (llg)

is also convenient to

(1111)

‘-

.

.

,

“A
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. .

so that equation @f) may also be written

72= l/K T (Zli)

The physical significance of the quantities appearing in equa-
tions (11) becomes apparent upon examination of the solutions of equa-
tion (10) for some simple boundary and initial conditions, as treated in
appendix B.

Under conditions of a steady gas temperature, the corresponding
steady state of the wire (~w/at = O) is one in which the balance of

heat-transfer rates by conduction, convection, and radiation produces a
wire temperature Tw that is different from the gas temperature
and is given by

‘f3

[ .~(%Y-(l-’go+(Tb-’f)*
Tw =Tg+ P (1-u d) (12a)

.,
~&x$=~V,X), and Tb is the temperature at the supports, x . 0

= L.

P

The quantity T includes the effect of radiant heat transfer and

represents the tempe$atie the wire would assume if there were no con-
ductive heat transfer. The ~tradiationerrcn?ris therefore givenby

‘F”af-w - “-’d
An alternative form for the radiation error is

where

(13a)

(Ub)

(lSic)

.-. . —.—— .—.— —- —. —. -— ————— ————
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●

El = o D TW4

Nu kg
(13d)

.

This alternative form is useful when the indicated wire temperature TW
is known, and it is desired to deterndme the radiation correction to be
applied to the rea&ing in order to obtain T-. The use of the alterna-

tive qyantity ~ permits expression of equation f12a) in the form

The intermediate quantities ~1 and ‘~ are introduced merely for con-
venience in writing the equations. The effect of conductive heat trans-
fer is to make the steady-statewire temperate different from T
The magnitude of this difference and hence the “conductive error” s a%“
function of q and is tiectlyp roportional to (Tf-Tb). An additional

effect of conductive heat transfer is to produce a nomndform tempera- “-
ture distribution along the length of the wire, ranging from a value Th

.

at the supports to a value T
w,m at

couple junction).

H both thermocouple wires have
thermal conductivity,they also have
steady-state conduction error at the

the midpoint of the tie (thermo- - 0 .

substantially the same diameter and
substantially the same q. The
midpoint, where x = L/2, is then

where, as shown in appendix B, section II,

$m= sech (qL/2)

(14)

(15)

If the gas temperature is changed to a new.value, the wire
approaches a new steady-statevalue, involving a new value of Tf. The

approach to the new value is at a finite rate, determined by the quan-
tities T and ~. In the absence of appreciable conductive and radia-
tive heat transfer, the wire has a time constant Tl; in the absence
of conduction only, the time constant is T; in the presence of a

.— ——.

,
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moderate amount of conduction,
mately as thou@ it had a time

11

the thermocouple junction acts approti-
constant

T (l-llm) (16)

is the simple case whereBasic example. - & illustrative example
both thermocouple wires have substantially the same diameter and thermal
conductivity. If (a) the gas temperature”is suddenly changed from a
value T to a new steady-statevalue Tg,1 ~,2 (step change), (b) the

ther-moccmplewas initially in equilibriumwith the gas, and (c) Tg,l >

Tg,2 ‘%> ‘d> the response of the thermocouple junction is shown in

figure 3(a), where the variation of Tw,m with time is indicated. The

initial and final distributions of temperature al

7

the wire are shown
in figure 3(b), where the variation of Tw with x L is indicated at

times t = O and (t/~)-m. The derivation of the equation for steady-
state tenq?eraturedistribution along the wire is presented in section II
of appendix B. The effect of parameter T)L upon the distribution is
shown in figure 4. The equation for time response of the therinocouple
junction is derived in section VI of appendix B, resulting in equations.
(B39) and (B40). ~ the wire is subjected to a sinusoidal variation of
temperature rather than a step change, the time respcmse of the thermo-

. couple junction, derived in section VII of appendix B, is given approxi-
‘., matelyby equation (B53).

Comparison of equations (B40) and~B53) &th equations (2) and (3),
respectively, leads to the conclusion that the effect of conduction is
to attenuate the temperdmre change by a factor of (l-*m), to multiply
the time constant T by the same factor, and to add a steady conduction
error equal to ~m times the difference between the support temperature
and the average impressed temperature Tf.

Other examples. - In adMtion to the simple example just discussed,
four basic alternative situations are of interest. The first of these
is the case when the two thermocouple wires have radically dMferent
values of the quantity (~q&). The expressions for conduction error
and effective time constant become more complex, but an equivalent
quantity (v’L) canbe defined in terms of the quantities (TIAL+ v#) ,

(7AL - 7BL)J and &Wq@)A/(~q&)BJ where the subscripts A a~ B

pertain to the two thermocouple wire materials. An equivalent quantity
Y’m can be used in the expression for steady-state and transient res-
ponse discussed previously. The steady-state conduction error for this
situation is discussed in greater detail in sectian III of appendix B.

— —. ..-.— .———- .—-.-—-— -—- — .— —.—..—



12 NACA TN 2599

The second alternative situation of interest is one in which the
thermocouple junction is made between two wires which are attached to
the supports through intermediate wires of diameters ~ferent from
~hose forminfzthe junction (fig. 2(c)). Here again equivalent quanti-
ties (q”L) and W’im can be defined in terms of the qL values and
the ~ qD2 ratios. The steady-state conduction error for the case
where both thermocouple materials have substantiallythe same thermal
conductivity is treated in detail in section IV of appendix B. ccmibina-
tion with the case discussed in the preceding paragaph is possible in
order to include the effect of an appreciable difference between the
thermal conductivities of the two wires.

The third alternative situation is one in which a step change to a
constant value of gas temperature Tg,2 is applied to a thermocouple

that is initially at support temperature
at equilibrium with the gas stream.

~ rather than being initially
This procedure is descriptive of the

lag-testing technique described in reference 1. The thermocouple
is initially shielded from the hot gases by a tube through which cooler
air is blown. The tube is then suddenly removed, exposing the unit to
the hot gases. The response is shown ~aphically in figure 5. Mathe-
matically, it involveB replacement of the multiplier (Tf,l-Tf,2) in
equation (MO) by the multiplier (Tb-Tf,2).

The fourth alternative situation is represented by the experiments
described in this report in which the heating effect of an electric
current was used to raise the temperature of the wire artificially and
the step change was produced when the current was broken. This situa-
tion involves the addition of a term @ = W Ax to the right side of
equation (4), where W is the power dissipated per unit len@h of wire.
The effect of this term is merely to add the quantity W/fiI?ukg to

the right side of equatian (l@) for Tf. The effective time constant

is unaffected. The response is shown graphically in figure 6.

Computation of time constant, conduction error, and radiation
,-rror.- The Nusselt nuuiberNu enters into formulas (ha) through (lIf).—
for the constants Tl, ~, and ~lz that are required for the com-
putation of radiation error, conduction error, and effective time con-
stant. It is conventional in heat-transfer work to express this
a terms of the fluid properties and dynamic conditions tiymeans
relation

Nu = l?(Re,Pr)

mmiber
of the

(17a)

*

.

— .— .—
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.“

,.

where Re and Pr are the Reynolds nuniberand Prandtl number, respect-
ively. Because of the large range of aerodynamic conditions covered in
these tests, the conditions being representative of the possible uses of
the thermocouples, it was found appropriate to modify equation (17a) to
include the Mach nmiber M as a separate independent variable and to
use a simple product of powers of the Reynolds and Prandtl numbers as
part of the function F, thus fielding

Nu = constantxRea Prb f(M) (17b)

For the purpose of actual computation, it is desirable, so far as
is convenient, to express the values of Tl, 131, and ~12 in terms of

quantities that are actually measured. 8uch quantities are the total
temperature and the static and total pressures. For ~eater conven-
ience, the Mach nmiber M is also introduced as an intermediate vari-
able, its value in terms of static- to total-pressure ratio being read-
ily available in tables. Then, utilization of the additional facts that
(a) both the viscosity and the thermal conductivity of air can be ex-
pressed as proportional to a power of the temperature (appendix C) and
(b) the Prandtl nuniberfor air probably enters as the O.3 power and the
value of PrO-3 may be treated as remain@g constant (appendix C) shows
that the Reynolds number and, consequently, the Nusselt number can be

. expressed as products of powers of the Mach number, static pressure, and~,
static temperature. In appendix C, the expressions for Reynolds nuniber
and for thermal conductivity of air are shown to be

Re = constantXDMpTs
-1.19fi

‘g = COIIS&iIltX1°.78

(18)

(19)

After these expressions are inserted into equation (17b) and the static
temperature is used in &e equation for thermal.conductivity, equations
(ha), (llb), and (llc) may be written

2-a
pwcwD

T1 = constanti
p%% 0.78-l.19a ~a/2 f(M)

s

(20a)

———. -. —.. —- —-.——. — —— —— —.——-————.. —
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Pam 0.78-l.19a ~a/2 ~(M)

u.2 s. constantx

P1
~$-9~3.22+1 .19a

= constantx

pa~ 7a/2 f(M)

(21a)

(22a)

where the Prandtl number has been included as a part of the constants.

If gas density, viscosity, and thermal conductivity are evaluated
at total rather than at static temperature, an alternative Reynolds
nuniber Re* is defined

R* =
-1.19

constantxDMpTt
Jl(

Y-1 ~2y l+y
)

(appendix C) and alternative forms of equations (17b), (20a), (21a), ~d
(22a) are

Nu= constantx{Re*)a Prb f*(M)
(17C)

T1 = Constanix pwcP2-a(’++@)a’2

p% 0.78-l.19a ~af2
t * (M)

p%%t
0.78-l.19a 7a/2

P (M)
012 = constanti

a/2
~D (

)
Z-al++ti

.

(20b)

(21b)

‘.

.

a D1-~t
PI = constan~ 3“22+1”1’a(’+%@)a’2 (22b)

p% 7“2 &(M)

-.

-.

—.
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APPARATUS AND PROCEDURE

,.
-velocit air source. - The tests were performed at the exit of

a ~-%% -diamete~jet that exhausted into a pressure controlled re-

cei;er (fig. 7)0 Performance characteristics of the jet are described
in reference 6. At the test section, a Mach nunber of 0.1 to 0.9 and a
free-stream density of 0.04 to 0.10 pound mass per cubic foot were avail-
able. By individual control of the jet inlet and receiver pressures,
any conibinationof Mach nuder and density for the ranges listed was
obtainable. Each run was made at constant test-section density and
varying l@ch nuniber. The total temperature of the air was between 540°
and 545° R and was constant to within 1° during any one reading of a
run. The total pressure and total temperature in the plenum chmiber,
and the static pressure at the test section, with the probe inserted
into the air stream, were used to calculate Mach number and free-stream
density.

Test probes. - Six thermocouple probes were tested; their dimen-
sions and configurations are shown in figure 8. The four pairs of wire
materials used were chromel-constantan, chromel-alumel, ir-m-constantan,
and platinum plus 13-percent rhodium - platinum. Probes A, B, and C
were of the same wire material but of increasing wire diameter; probes
B, D, E, andF were of approximately the sa~ size and configuration but

. of different wire materials. A seventh thermocouple was also tested for
‘. purposes of comparison with probe B. This thermocouple, identifiedby

the letter G, was a straight chromel-constantanbare wire stretched
across the exhaust of the jet.

Time-constant determinations. - The time-constant determinations
were made without moving the probe or shielding it from the air stream.
In order to simulate a higher hitial gas temperature, an electric
current was passed through the thermocouple wire to heat the junction to
about 2000 R abuve room temperature. A double-pole, double-throw snap
action toggle switch was then used to disconnect the thermocouple from
the source of heating current and to connect it to a recording oscillo-
graph. As indicated under THlN3RY,this technique served to simulate a
step change from one gas temperature to another. It also served to
minimize any change h the nature of the temperature distribution along
the wire. This distribution itself was, for all ties tested, such that
the contribution of the term @ to the effective time constant was
negligible. 2For this reason, an because of the technique used for
measuring the time constant as described later, it was also possible to
neglect without serious error two deviations from the assumptions of the

., siu@e theory. These deviations were: ftist, the base of the thermo-
couple loop, coutituting the ‘supports,~’actually did change tempera-
ture moderately; and second, for the tion-constantanwires an appreci-
able difference exists between the electric power dissipation in the two

— —



16 NACA TN 2599

halves of the thermocouple loop and, consequently, an asymmetry in tem-
perature distribution and a difference in the values of ‘f

occur. For

example, ti the most serious case, that of probe D at M = 0.1 and

Pg = 0.04 pound mass per cubic foot, the value of. qL is 6.6 for the

tion wire and 11.O for the constantan wire, corresponding to a correc-
tion of 3 percent if the support temperature is assumed equal to the
Mtial wire temperature. The ratio of ~ values for the two halves
of the wire was 1.7:1 and the ratio of increase in Tf values due to
the heating current was 5:1.

As the thermocouple was cooled, its output was recordedby a criti-
cally damped moving-coil oscil.lographelement having a ~tural period of
0.006 second and hence an effective time constant of 0.002 second. The
record was obtained upon photographic paper that was marked off in O.O1-
second intervals. The paper speed and oscil.logaph-elementsensitivity
were constant for all practical purposes. A typical record is shown in
figure 9(a). Figure ~b), a graph of the same data on semilogarithmic
paper, shows that in the region following the “Start of recordtithe
relation is sufficiently linear that a single measurement, directly on o
the oscillograph record, of the time reqtied for the recorded tempera-
ture to have covered 63.2 percent of the temperature interval from start
to asymptote is sufficient to establish the time constant for each of
the runs. The time constants were readto a probable error of 0.005
second. For the temperature range encountered in these experiments, it
was reasonable to assume that the wire calibration (qmf/deg temperature .
change) remained constant.
stant was used as obtained
error by equation (16) was
1/2 to 1 percent.

Each of the measured values of time con-
from the records since the maximum conduction
never more than 3 percent and usually about

RESTJLTSAND DISCUSSION

Time constants and Nusselt”numbers. - The data
experhmnts sre shown in figure 10 as a plot of the
ured time constants against the Reynolds nuder Re

obtained in the
experimentallymeas-
based on static

pressure and temperature. The conduction correction factor $m is
negligible for almost all the data, being no more than 3 percent in the
extreme case. The radiation correction is also negligible. Conse-
quently, the experimentallymeasured time constants are assumed to be
the same as the quantity T1 of equation (ha).

It will be notad that points in the lower Mach nmiber region fall
on lines having a constant slope of appro~tely 0.5 and that points in
the higher Mach number region show systematic deviations from these
lines of constant slope. This effect is more strongly indicatedby
plots of time constant as a function of Mach number, as shown in

,

— —. —. ——- . .
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figure 11. On the average, these figures indicate that the deviations
.

begin at appro-tely M = 0.5.

An alternative presentation of the data is a plot of the time con-
stant against the Reynolds number R* based on an evaluation of gas
density and viscosity at total temperature rather than at static temper-
ature. Such plots (fig. 12) show appreciably smaller deviations at
higher Mach tiers than were in evidence in figure 10 and are equivalent
to assumi~ for the functions f(M) and f*(M) in equations (ii%) and
(17c) the forms

‘(M)=(l+_@)-l”69a (23a)

M(M) =1 (23b)

These expressions follow from the fact that

.
:

-, (See
that

R* =

appendix C.) If Re*
the total temperature,

Re~l+&#)-1”6g (24)

replaces Re, it is reasonable to assume
rather than the static temperature, should.

be used in evaluating the thermal conductivity. Mdch& this assump-
tion and utilizing the values of mean ~~ &omtabl& I or II aid
of thermal conductivity of air at the operating total temperature per-
mit computation of the Nusselt nuriberby equation (ha). A plot of
this computed Nusselt number against the Reynolds nuuiber Re* is
shown in figwre 13 for all the 176 data points taken in these tests.
The least-squares solution for the best ’straightline through these
points, assming that aid.Nusselt number measurements have equal
probable percentage error, is

m s (0.38~.016) (R#)(0.5u@*005) (25a)

in the Reynolds number range 250c R*< 30,000. The average deviation
of any point from the line is 6.9 percent. If the exponent of R& is
fixed at the value ~, the least-squares solution for the multiplying

constant leads to

Nu = (0.43M0.002) - (26a)

— ..— —. .— ..—._— .—
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with an average deviation of any yoint of 7.4 percent. Formula (26a) -.

will be used in future discussion because of its ~eater convenience and
negligibly greater average deviation.

If the Nusselt number - Reynolds nmiber relation is to be applied
to gases other than air, the Prahdtl number ~ wybe inse~ed e@ic-
itly in equations (25a) and (26a) bywiting them

IIU={0.427M.018)(R~)(005~”OO5) ~r0.3

Nu = (0.47H.002) @ Pr0”3

(25b)

(26b)

where the exponent b in equation (17%) has been set equal to 0.3 in
accordance with the conclusions reported in reference 3, chapter VIII.
Formulas (25a) and (26a) are indepen~nt of any assumptions regarding
the value of l?randtlnumber; formulas (25b) and (2&b) are based on a
value of I’r= 0.71 for air at 540° R.

Some of the sources of error, in estimated order of importance, are “
lack of roundness and smoothness of the wire and junction, error in
effective wire-diameter measurement, deviation from simple theory be-
cause of changing support temperature, inaccuracy in measurement of time

.

constant, uncertainty in bowledge of ~~, use of the arithmetically

averaged ~cw for the two thermocouple materials, and omission of the
conduction correction. The accuracy of the correlation representedby
equations (25) and (26) is dependent on the accuracy of knowledge of gas
viscosity and thermal conductivity at the operating total temperature
(540° R); because all tests were made at constant total temperature, the
accuracy of the correlation and therefore formulas (25) and (26), are
independent of assumptions made concerning the variation of Prandtl
nuxiber,gas viscosity, and thermal conductivity with temperature.

A few experiments performed with probe (!at a gas temperature of
1500°R showed that the formulas presented remain applicable. The data
are not presented herein.

The compilation of data presented in chapter VZII of referepce 3
gives, for the range M<O.1, 1000 <Re K50,000,

I?u=0.26(Re)0”60 -.

. .

—— -— - —. — -.
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Ihta (at higher gas temperatures) from reference 1 give the value of 0.5
for the exponent of Reynolds number for the range MC 0.14, 20< Re <
1000. Data from reference 4, at M = 0.38, give

Nu = 0.47 @

,

The data in references 3 and 4 were based on an evaluation of gas prop-
erties at a temperature substantially equal to the arithmetic average
of wire temperature and total gas temperature. For purposes of compari-
son, the lines represented by formulas (25a) and (26a) are shown in
figure 13 together with the curve given in reference 3.

Effective gas temperature
‘!3“

- Most satisfactory correlation

between time constant and Reynolds number is achievedby evaluating gas
density and viscosity at total temperature. This technique can be ration-
alized by considering that the wire temperature Tv substantially repre-
sents the average temperature of the gas immediately surrounding the wire
and that this layer of gas offers the principal resistance to the flow of
heat. A ~aph of recovery temperature ratio %& of a cylinder in
cross flow as a function of Mach number is shown in figure 14. The data

,
/ are the composite results of a large number of experiments performed at.

this laboratory during the past 5 years in connection with other research
projects. ~ese measurements were made so that conduction and radiation

. errors were minimized and therefore Tg would be ap~roximately equal to
~ for these data’. These data agree quite welJ.with values reported
from the to t~e in the scientific literatue. The cross-hatched
section on the graph indicates the average spread of all the available
data, which include the effect of different free-stream air densities.
The ratio of Ts/Tt is also shown. It is evident that the recovery

temperature Tw is much closer to the total temperature Tt than to
the static temperature Ts. Reynolds numbers computed at M= 0.9 based

on gas properties evaluated at Tt, Tw, and Ts would be in the ratio

of 1.00:1.08:1.29,respectively.

The finding that a better correlation of heat-tratifer data is
often achieved when gas properties are evaluated at surface temperature
was first reported in reference 7 for low-velocity flow and has recently
been verified at higher velocities in reference 8. The experimenters in
references 7 and 8 were concerned with flow in pipes, where viscosity is
the predominant factor, rather than with flow around cylinders, where
potential flow effects are as important as viscous effects. Conse-
quently, the physical explanation of the finding that the use of total

. temperature provided a better correlation than the use of static temper-
ature in the case of flow around cylinders is not necessarily of the
same nature as the explanation of the heat-transfer phenomena in pipes.

.- . ...— ——e . . . ..— — —.— -. —...—— —



20

NUMERICAL COMPUTATION
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OF TIME CCEE&T,

CCINIXJCTIONERRCIR

The Nusselt number, once having been determined from expertiental
measuremmts, may then be inserted into the basic theoretical formulas
for time constant, conduction error, and radiation error. Since, as
shown h appendix C, air viscosity and thermal conductivity may be ex-
pressed as functions of absolute temperature, it follows that Reynolds
number, Nusselt nuniber,radiation error, time constant, and conduction
error, may also be e~ressed in terms of static pressure, total pres-
sure, and total temperature, all of which are experimentallymeasurable
quantities. The computation procedure is facilitated by introticing
Mach number, the value of which is readily obtained from tables M? the
static and total pressures are @own.

The insertion of equation (26a) into equations (20b), (21b), and
(22b) leads to the equations

..

[ )~ ~ 0.25
4.05 ~c#1”50 1 +~-

‘1 = seconds (27) t
PO*50 &.50 Tto.18

.
.“

0.50 Tt
16.2 OD ( )3*82 l++M? 0“=

PI = %
P0.50 #.50

where the quantities are in the following units:

pwCw Btu/(ft3 %)

D (in.)

P (atm)

T (%)

(28)

inches-2 (29)

,

-.
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~ Btu/(ft % see)

o 0.173X10-8 Btu/(hr ftz %4)

These formulas show that time constant and conduction error ae only
slightly affected by the magnitude of the gas temperature; hence the
validity of these formulas is not strongly dependent on any assumptions
made concerning dependence upon temperature of the gas tiscosity and
thermal conductivity. The time constant computed from equation (27) has
been plotted in figure 15 against the experimentallymeasured time
constants. As is to be expected from the fact that figure 15 is sub-
stantially an alternative Presentation of the data shown in figure 13,
the average deviation of the points shown in figure 15 is also 6.9
percent. The detailed derivations of numerical formulas such as equa-
tions (27), (28), and (29) are presented in appendix C and lead to the
construction of graphs and nomograms (figs. 16 to 19) that materially
facilitate the computations of time constant, radiation error, and con-
duction error for wire diameters between
computation procedure follows:

Given:
.

(1) Wire-material constants: Ew,

.
. (2) Probe constants: D, L, L’, ~, Tw

(3) Constant of surroundings: Td

(4) Gas and aerodynamic constants: ‘) Py ‘g,d)

Procedure:

inch. The exact

K

t

$3

(1)

(2)

(3)

(4)

(5)

(6)

Compute radiation error = ~ (1-a
[

g,d)(Td/TJ 4-(I-Cgl USiW

the nomograph of figure 16(b).

Find TR from figure 17.

Compute T1 =
‘~ ‘PW,A CW,A + pw,B c.,B)/2%%t

using data in figure 17.

Compute T= T1/(l+@I~$#Tw)

..—. .--. .. . .. .—. _—_?.._-.— —— —
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This value is the time constant in the absence of conduc-
tion effects.

(7a) Compute the effective (qL)2 = L2/T K using the ~rmonicallY
averaged value of K from table II.

(~) &lternatively, find (TIlL)~2 from figure 18 and compute,
for each thermocouple wire,

where (k=/~) iS listed in table 1. Then find the
effecti~ (@) for the thermocouple wire pair by use of
the equations

*m, = (kw,A/kw,B)0”5 (DA/DB)l”xm/

‘AJB ‘KmJJ~)-~’EmA’mJ+~

and of tables II and III.

(8) Find$m from figure 19.

(9) Compute steady-state conduction error = (Tb - Tw) ~m

(10) Ccmqmte corrected time constant = T [1 - ~m)

(11) Compute correctedgm temperature Tg = Tw- (steady-state
radiation error) - (steady-state conduction error).

SUMMARY OF RESULTS

The time constants of bare-wire thermocouples mounted in cross flow
to an air stream were shown to depend principally on thermocouple wire
material, wire dismeter, gas pressure, and Mach number, and only
slightly on gas temperature. These measurements also served to provide
a correlation among Mach number M, Nusselt number Nu, and Reynolds

O.l<Mc O.9 and 250~R@~ 30,000,number R# for the ranges _ _
s. yielding

A

,“

.
.

.

. .

_——. . —
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m = (00385@ .016)(R@)(0”5~@”005)
.

. .
with a 6.9 percent average deviation of a single observation, or

flu= (0.431i0.002)~&

with a 7.4 percent average deviation of a single observation. The value
R* is a Reynolds number computedby evaluating gas viscosity and dens-
ity at total temperature. The value of Nu was computbd from the
experimental measurement of time constant and the evaluation of gas
therm&1 conductivity at total temperature. Prandtl number was consid-
ered constant for these tests and is therefore incorporated
stants. The Prandtl number Pr maybe inserted explicitly
ceding equations by writing them

in the con-
in the pre-

, ., .(o.515@.oo5) ~o.3

.

~U = (0.47&3 .@12)
..

It is shown that the evaluation of
for determining approximate steady-state ratiation and

provides a means
conduction errors

of a bare-wire thermocouple in a high-temperature gas stream. Graphs
and nomogams are presented for the computation of time constant,
approximate radiation error, and approximate conduction’error for wire
diameters between 0.001 and 0.1 inch for commonly used pairs of thermo-
couple materials.

Analytic determinations are presented of the effects of dissimilar-
ities in wire material or wire diameter on steady-state temperature dis-
tribution in a thermocouple, and the effect on the time constant of con-
duction along the thermocouple wire to the support.

Wwis Flight Propulsion Laboratory
National Advisory Comnittee for

Clevelandj Ohio, August 3,
Aeronautics
1951
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APPENDIX A

SYMBOLS

The following syuibolsare used in this report:

surface area

specific heat

wire diameter

heat-transfer coefficient

thermal conductivity

length of wire between

length of central wire
used

supports

when intermediate supporting wires are

free-stream Mach nnniber

[(mA/~)-l]/~mA/~)+j
Nusselt nuder

Prandtl nuniber

static pressure

rate of heat transfer by

rate of heat transfer by
len@h

rate of heat transfer by

convection, per unit length

electric power dissipation,

conduction, per unit length

rate of heat storage, per unit length

rate of heat transfer by ratiation, per unit length

per unit

Reynolds number with gas properties computed at static tempera-
ture

.

..

.

.

-.

. .

.
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Be++, Reynolds nuniberwith gas properties computed at total temperature

specific gas constant for air, 1716 fL2/(sec2)(%)

temperature

amplitude of sinusoidal gas-temperature fluctuation

r

T

‘d

T
f

t

equivalent

final tie

time

duct temperature

temperature in absence of conduction

u linear free-stream velocity

intermediate temperature variableu

volume

intermediate te~erature tiriablev

.. w electrical power per unit length

intermediate temperature variable. w
L

distance along wire

intermediate temperature variables

x

Y,y,z

effective absorptivity of gas for black-body radiation at tem-
perature Td .

a
g,d

. .
.,.+>.:.

,-. .

ratio of specific heats7

ratio of specific heats of air at NACA standard sea-level condi-
tions, 1.4070

effectim emissivity of gas

.———— -—..— -- —-. ——— —



emissivity of tie

intermediate time variable

thermal diffusivity of wire

gas tiscosity

intermediate distance variable

density

Stefan-Boltzmann constant

time constant, ‘1/(1+4–~~#g/Tw)

VdU8 of T~ for platinum wire

value of T~ at NACA standard

transient temperature function

sea-level conditions

spatial temperature distribution function

angular frequency

Subscripts:

A refers to wire material

av arithmetic average

B refers to wire material

b value at wire support

g refers to gas

A

B

i value at x = (L-L’)/2 and at x = (L+L’)/2

m wlue at x = L/2

N4CA TN 2599

,
.

.
.
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. .
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P refers to

Pt value for

Q refers to

s refers to

t refers to

w refers to

o refers to

wtie diameter

platinure

wire diameter

?P

Da
w

static conditions

total conditions

wire

NACA

1 initial value

2 final value

standard sea-level conditiom
.

.
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MATBEMWICAL

EQUATION

I.

Subject to the

APPENDIX B

EKIUJI’IONSOF IEATJI!MKSI!!5B

FOR SOME EASIC DESIGNS

General Equation

approximations and assumptions listed under THE~,
the general equation (10) is derived from a consideration of the balance
between the rate of heat transfer to an element of length of the wire
and the rate of storage of heat in the element. The general equation is
repeated here for

For consideration

convenience:

~ 1 b2Tv
T— =.—--+TW-TW (Bl)
at Tf &#

of the transient response, it will be convenient to

.

transform equation (Bl) into
. *.-,

by a shift of the origin of ordinates,

(B2) .“

y=~-Tf (m)

so that y represents the difference between instantaneous wire tem-
perature and the temperature which the wire would ultimately assuresin
the absence of conduction.

In general, Tw and y me functions of x and of t. The
values of these two temperatures at the midpoint of the wire, at which
the thermocouple junction is located, will be denoted by T and ym,

respectively. The characteristicparameters T and ~, p%# the ini-
tial and boundary conditions, then serve to define fully the values of

Tw(x,t), y(x,t), Tw,m(t), and yin(t). The Cofiuction p~~ter q

governs the steady-state temperature distribution; the time constant T
exercises the principal influence on the transient behavicm, although
the transient behatior is also bfluenced by q.

—.. ———— -.—— —.
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. II. Steady-E%ate Temperature Distribution in

Single Wire Stretched between Supports

If both thermocouple materials have essentially the same diameter
and thermal conductivity, the pliysicalsituation shown in figure 2(a)
may be treated as though a single wire, possessing characteristicparam-
eters T and q, were stretched between supports at constant tempera-
ture HO In the presence of a constant gas temperature Tg, the

steady state of temperature distribution in the wire is then represented
by setting &Cw/& eq@. to zero in equation (Bl), so that the equation
becomes

1 d2 Tw
—+Tf-Tw=O

q ~2

,subjectto the boundary conditions

. ‘v’% at .=O_

. ~=Tb at X=L

The solution of this equation is

where

Tw =Tf+ (Tb - Tf)$

sinh~x+sinh T/L-l’)x)
Sinh ?-Jl

In particul~, the value of
x= L/2 ‘will be denotedby ~m,

%,m = ‘f

$ at the midpoint of the wire
so that

+ (Tb - Tf)*m

‘ (B4a)

(B4b)

(B4c)

(B5)

(B6)

(B7)

——.
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where

Vm = sech (qL/2)

MACA TN 2599

,.
(B8)

Figure 4 shows graphs of V against x/L for various values of
the dlmensionl.essparameter qL. It is to be noted that only in the
decade 1<

III.

T&<lo is $m markedly d3fferent from the

Steady-i%ate Temperature Distribution along

values O or 1.

Thermocouple

Wire Pati Stretched between Supports

In the general case where a thermocouple composed of wires having
different diameters or thermal conductivities is stretched between sup-
ports at constant temperature Tb, subscripts A and B will be
assigned.to repreeent the two wire materials. The situation is illue-.
tratd by figure 2(b). To treat this problem, as well as the one in
the following section, it is convenient to utilize the following:

Lemma: The solution of the equation (B4a) for steady-state temper-
ature distribution along a single wire subject to the boundary condi-
tions

Tw = Ta at x.%

~=Tp at X=XP

(B9a)

(B9b)

is

(Ta - Tf~ Sillh(OX - VXB) + (Tp - Tf) Si?lh(q% - llX)
Tw=Tf+ (B1O)

Sinh (1’p - @
a

For the problem of two thermocoup~e wires, A and B, the differ-
ential egyations and theti associated boundary conditions are:

.
.’

.
.

For wire A

—-

.

. .

.
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,

,.

.
.

.
,.,

1 d2Tw A

~d
+ Tf,A - TW,A = O

)

Tw,A=Tb at x=O

Tw,A=%,m at ‘=;
J

For wire B

:<x<L
—-

1 d2~B
~1+ +‘f’,B - ‘w,B = o

L
‘w, B = Tw,mat x = ~ 1
T = Tb
w,B

at x=L J

(lIll)

(B12)

It will be noted that continui@ of Tw at x = L/2 has already been
postulated by the preceding expressions, and that the unknown ‘%mhs
been used as one of the bouncWqg values. ~ order to detee *W m>

the additional postulate is made that the net rate of flow of heat )
across the thermocouple junction shall be zero. Since the rate of flow
of heat along wire A into the junction is

and the rate of flow of heat along wire B from the junction is

.

it is necessary that

—— -———



32 NACA TN 2599

2dTw, B at x L
k D2 ~=%,B% ~

=-
2

w,A A
(B13)

Zquations (IL1), (B12)~ and (~3) c~titute the Cwl-ete ‘tatement
of the problem.

By use of the lemma previously stated, appropriate values for Ta
and T

?

are inserted into equation (BIO) to obtain solutions of equa-
tions Bll) and (B1.2). IDertiWthe~lue x =L/2 into ‘he- ‘Olu-
tions and then amlying the condition statbd by equation (B13) give the
solution for T asw,m

Tw,m[mAcoth~~)+% coth(~]=w,AmAcoth

()

qAL
(Tb - Tf,A) ‘A csch~ + (Tb - ‘f,B)

where

}

ucoth “:—+

(B14)

steady-state radiationEfpressim (B14) maybe simplified if the
errors for the two wire materials are assumed to be &fficiently similar
that Tf,A am ‘f,B may each be replaced by a cormnonvalue ‘f (for

example, Tf,av = (Tf,A + Tf,B)/2)●
Under this assumption, equation

(B14) becomes

Tw,m =Tf,av+ (~ - Tf,av)~tm (B16)

where

,.

●

.“

.

.

. .(B17)
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and.

.

.

‘A ~~.

‘A,B = —
~+1
%

(Bli%)

Thus an equivalent value $ ‘m may be defined to replace the quan-
tity Vm i’nequation (B7). Alternatively, an equivalent quantity q‘L
may be defined to replace the quantity qL in equation (IW), whae q‘
will lie between qA and qW A tabulation of q‘L as a function of

the ddMe~iode13s quantities ~AL, ~~j afi mAjB W @ven ~
table III.

The experiments described in this report show that, for the range
of Reynolds and Mach number covered in these experiments, the Nusselt
mmiber varies tiectly as the square root of wire diameter at any given
set of gas-flow conditions. Hence, if radiation is neglected so that
q may be replaced by Tl in equation (llf), the application of equa-
tions <llc) and (B15) leads to

(B18)

v~ues of (~, A&, B)0”5 are given in table II for standafi thermo-

couple wire pairs to facilitate computation of mA,B.

It is evident that if both wires have substantially the same diam-
eter and thezmal conductivity, both (qA - ~B) and mA,B are close to

zero, and $’m given by equation (B17a) is substantially the same as
~ given by equation (B8).

Typical temperature distribution patterns along the tie fm vari-
ous ~lues of mA,B, in the case where qAL = 4 and @Z = 10, are

shown in figure 20. It is evident that, depending on the value of mA,&
the thermocouple junction temperabe will lie somewh~re between the
values of Tw ~ for each of the two wires as given by figure 4 or

equations (B7~ and (B8).

.

—.———- -—— — —
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Iv. Steady-State Temperate Distribution along Wire Stretched
“

between ~termediate Wire Supports of Different Diameter

If, as shown in figure 2(-c),the wires constituting the thermo-
couple junction are supported by intermediate wires of different diam-
eter, the intermediate wires also exposed to the gas stream but with
their bases at fixed support temperature T , the values of v will be

Edifferent for the intermediate wires even t ough they are of the same
material as the adjacent wires forming the junction.

For simplicity, it will be assumed that both intermediate wires
hme the same Uameter, both wires forming the junction have the same
diameter, and both material A and material B have the same thermal
conductivity. {The results of the previous section can serve to correct
for deviations from these assumptions.) Under these assumptions, the
intermediate wires, each of length (L - L’)/2, may be assigned an ~
value of qp and the two wires forming the junction may be treated as a
single wire of len@h L t with an q value of TIQ, the subscripts P
and Q now serving to distinguish between the two diameters. By virtue
of symmetry> the temperature ~ ~ of the midpoint of wire Q is
closer to the effective gas temp&ature Tf,Q than is the temperature
of any other point of the assembly. Similaly, for reasons of symmetry, -:
the temperature of each junction between the central wire and the inter-
mediate wires may be represented by the common s@ol Tw,i. .

A line of reasoning sindlar to tkt of section III regarding the
rate of heat flow across the junction between central and intermediate
wires leads to the following mathematical statement of the problem:

1 d2Tw,p

~ d ‘Tf~p-T@=O

Tw,p=Tb at X=O

1

o~x~y

w,P=%, i at “*
T

J

1 d2TwjQ

+ ‘f, Q - ‘w, Q = o

~Q2 &

)

Tw,Q=%,i at ‘=% J—<x<~xL-L:
2––2

T
~L:

w,Q .Tw, t at x=~

(B19)

(lHo) +

-.

— .—_. ._
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%,P

The presence of

(B21)

symmetry makes it unnecessary to state or to use the
relations for x > (L+Li)/2. They wouldbe similsr to equations (B19)
and (B21).

Use of the lemma stated in section III, insertion of the boundary
conditions from equations (B19) and (B20) into equation (B1O), and use
of equation (B21) to eliminate the intermediate quantity Tw,i yield
the following solution for Tw,m:

(Tw,tiTf,Q)~+~tati($) taW~w]=

( )[
sech W (~b-

2 ‘fJ’)sechr+~’@l +Tf,p-Tf,Q ‘B22)1
where

. % = %,P 42 Tp

~ = %?,Q ‘Q2 ~Q }

(323)

Equation (B22) maybe simplified if it is assumed that the effects
of the-steady-state ra-tiation‘&rrorsare sufficiently alike that
and Tf,Q on the right side of the equation may each be replaced
common value Tf (for example, Tf,av = (Tf,P + Tf,Q)/2). under

assumption, equation (B22) becomes

Tw,m = Tf,av+ (~ - Tf,av) $’tm

$’; =
sech(%)se$’ ‘7*)1

l+~ta*(7#’)ta&~$-L’~ “

Tf,P .
by a
this

(324)

where

(B25)

—.——— -“ —- .
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Thus equivalent values !J” and q“L may be so defined as to
replace the quantities W ~ and? qL in equations (B7) and ‘@3). A -
tabulation of #L as a function of the dimensionless quantities

IIp(L-Lr))I’InLr)“and (mJmp) is given
.&

materials h%w been assu&d of the same
(B18) and the discussion in section III
that ~~~ is given very simply by

in table IV. ~-cause both

thermal cmductivity, equation
pertaining to this equation show

By similar WIELsoning,it can also be shown that

(B26)

(B27)

Temperature distribution patterns for a few cases of practical
interest are shown in figure 21.

-v. Transient and Steady-state Response of Single Wire to Step Change

.

.
,.‘

in Gas Temperature, Wire 12dtially at ~ort Temperature

This case, because of its reIative mathematical simplicity, pro-
vides a convenient introduction to the subject of transient response of
the wire. The general equation (B2) and its corresponding boundary and
Wtial conditions for this case are

Y =Tb-Tf at x=O

I

(B28)

Y= Tb-Tf at x=L

Y= Tb-Tf at t=* I
/

Assume a solution of the form

Y =U+v

-.

(B2%) ..

—. — .—
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where u = U(%)~ with

1 a2u U=o——.

qz d

u=~-Tf at x.. O

u=~-Tf atx. L

and v = v(x,t), with

v= O at x=O

v= Oatx=L

T =Tb-Tf - u(x) at t = O
.

37

(B29b)

(B29c)

tion II.
which iS

where ~

The
Solution

solution of equation (B29b)
This solution provides the
rewritten here as

has already been derived in sec-
steady-state solution for y,

(lHo)

is defined by equation (B6).

solution of equation (B29c) will provide the transient response.
of the equation is facilitated by the substitution

w=
+T

w(x,t) = ye

which converts equation (B29c) into

.

(B31)

. . ——— - . —-.—-—-- — —. .—— —— ——
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+T&_a2w
at ax2

w= Oatx=O

W=O at X=L

w= 5 - Tf - U(X) = (Tb - Tf)(l -~) at t=O~

The solution of equation (B32) is (referenoe 9, paragraph 34)

co

~[J
II

2
w=

E (Tb-Tf)(l-$) sin

n=l. o
(*) ‘] sfi(%)~

Carrying through the integration and then returning to the
yield the solution of equation (B29c) as

v=(Tb-Tf)@

(B32)

n2j+t
q2L2T

(B33)

variable v

(B34a)

[The term 1-
1

Cos (u) makes the series alternating, with only odd

values of n present.

Addition of the expressions for u and v to obtain y (equation
(B29a)) and replacement of y by (Tw - Tf) yield the general solution

Tw =Tf+(Tb -Tf)~+t~-~f)@

.
-.

(B%)
.

. .

——— — .—___.
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where $ and @ are given by equations (B6) and (B34b),
At the midpoint of the wire, x = L/2 and equation (B35)

where

39

respectively.
becomes

(B36a)

(B8)

At t=O, @m is equal to (1 -Vm). For t ? O, @m may be

represented very closely (to within 0.03) by the approximation

@m ~ (l-Wm) e
-t[T(l-$mj

(B36c)

..
so that an adequate approximation for Tw,m is

-t/[T{1 - ~m] (~6d)
T
w,m

= Tf + (~ - Tf)$n + (~ - Tf)(l -~m)e

The physical significance of this solution has been discussed
briefly in the section THECIRYand illustrated in figure 5. The asymptoti
of the temperature-time curve is Tf - (Tf - Tb)~. The initial slope
iS (Tf - Tb)/T, which iS i~penkt of the Conduction errOr factor$m.

The effective time constant is T(l -~m). Thus, when there is appreci-
able conduction, the indicated magmitude of ultimate temperature change
is reducedby an amount (Tf - Tb)~m from its “true” value Tf, but the
time constant is altered in the same proportion in such manner as to
maintain the initial rate of change equal to that which would be char-
acteristic of the zero-conduction case.

. ..——--——-———--——-- — .— ..—
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VI. Transient and Steady-StateResponse of Single Wire to Step Change

in Gas Temperature, Wire Initially at Gas Temperature

If the wire is initially at a temperature
[Tf 1 + (% - Tf,l)o]

corresponding to an actual gas temperature Tg,1 r&ated to Tf,1 bY

an equation of the form of (llg), and a step change in gas temperature
occurs to a value of Tg,2 yieL3ing a corresponding effective gas tem-

perature Tf,2 and, by section II, an ultimate tie temperature— .

LTf,2 + (% - Tf,2~, then

calls for solving equation
conditions

the mathematical expression of the problem

(B2) subject to the b~ and Wtial

Y= Tb-Tf,2 at X=o

Y= Tb-Tfj2 at x=L

)

(B37)

Y = Tf,l + (Tb - Tf,l)$ - Tf,2 at t = O

Assuming, as in section V, a solution of the form

Y =U +-v

where

u =

v=

v=

a procedure

(B38a)

u(x) u=~-Tf,2 at x=O andat X.L (B38b)

V(x,t) v=O at x=O

Tf,1 - Tf z + (Tb - Tf,l)$
)

similar to that of section

andat-x=L

-uatt=O

V yields the solution

~ = Tf,2 + (Tb - Tf,2)W -I-(Tf,l- %,2)0

}

(B38c)

(B39)

. .

.

. .

— ——.-
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which at x = L/2 becomes

T
w,m =Tf,2 + (Tb- Tf,2)&+

are defined by

(Tf,l - ‘f,2)@m

equations (2.6),

41

(B40)

(B34b), (B6),

In accordance with the approxhation (B36c), the physical signifi-
cance of the solution is illustratedby figure 3(a). The initial value
of the indicated temperature-time curve is

[Tf,l + (% - Tf,l)~~; the

asymptote is
[ 1Tf,2 + (~ - Tf,2)$m ; the indicated ma&@tude of ulti-

mate change is (Tf,~ - Tf,2)(l -$m); the initial slope is

(Tf,l - !lTf,2)/rand is independent of the conduction error factw ‘$m;

the effective time constant is 7(1 -~m). Thus, when there is appreci-
able c~tiction, the fidicated ~gnitude of ultimate temperature change
“is reducedby a factor (1 - ~m), but the apparent time constant is

# reduced in the same proportion, so that the initial rate of change
repains the same as in the zero-conductioncase.

. VII . Transient and Steady-Wate Response of Single Wire

to Suddenly Applied Sinusoidal Variation in Gas Temperature

II?the -e, initially at temperature
[
Tf,av+ (~ - ‘f,av)~~ ‘s

subjected, at time t = O, to a sinusoidal variation T sin (Wt) in
gas temperature superimposed on the steady-state value Tf av, the

differential equation with its boundary and initial condit~ons is

..

aTw

/

1 82T

T— —w+Tf,av+~ sin (Q%) - Tw
at ‘~ a$

Tw=Tb at x=O

Tw=Tb at x=L

‘w ‘ ‘f)av +(Tb-Tfav)$at t=O
9

(B41)

. . . . . — -—- -—-
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Introduction of the transformations

Y= Tw-Tfav-?sin @b)
>

changes equation (B41) to

~az_I a2z

at ~2 s

[ 1

t/T – UT etj
-?i! sin(ti) e +T —z= Tb-Tf,av

Y 1
os(O.%)+(OTsin (@t)

l+&’T2

at x=O andat x=L

z = (Tb - Tf,aV)~ + ~ att=O

/

The solution of equation (B44) is (referenoe 9, section 34)

2z=~
L z-

e

n=l
()sin =
L {JL

(B42)

(B43)

(B44)

<
.,“

(B45)

For convenience,write

. .

—— .
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b= = 1“+ n2

(I?46)

(B47)

Then, performance of the inte~ations
the variable Tw by use of equations

in equation (E45) and return to
(B42) and (B43) result in

\

where

A=l -
L

~(bn-l)

an bn2& T2
m–l

.

Tw = Tf,av + (Tb-Tf,av)$+

(B48a)

(B48b)

(B48c)

(B48d)

and use has been made of the identities
m

E

bn-l
w

~ a—
‘b

n=l n

(B49)

(MO)

—.. . ..— -—. — .=. . —-—— --- -.
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At the midpoint of the wire, where x = IJ2, equation (1148)becomes

Tw,m = ‘f,a~,+ (Tb - ‘f,av)$m +

J&6wl+j
[ r )1

T%

Al==
sin 6.)7-tan-J(@7)+tan-1—

%
+~@TCm (~k)

where

a

E

bn(bn-l)
Am=l-

“rn bn2+k?~
L-1

m—

I

bn-l
B =
m an~m bn2+&T2

n=l

w

E

4j.#

cm = %,m ~ 2W2T2
ma n

1$m = sech (qL/2)

a 4~_
n,m ~

Appradmations (to about 0.03

(lHb)

(Imc)

.
.-

(B8)

for the functions appear- in equation (ISl) are

~z (1 - *m)

m i~

tan-1u7 - tan-l (~)=tan-l~T(l -W~

,.

sin ~

in amplitude and to about 3° in angle)

-- ..— — ——— —

.

. .

.—. —
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.

.

.
. .

X (1 - $m)2e
/[

-t/~(l-if..-
Cm 11 + (02+’(1-*m)z

so that an approdmate solution is

‘i+-+’ (’4}+
1

UT’-*?J (153)

Thus, by comparison with equation (3), the effect of conduction is to
make the system act as thoughitpossesseda time constant T(1 -$m)
rather than T. At the same time, the amplitude of the steady-state
term and the amplitude of the transient term are both attenuatedby a
factor (1 -Vm). These conclusions are similar to those obtained for
the case of a step change in effective gas temperate.

—-—. ~— —. .—— .-.. —
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AJ?PENDIXc

NUMERICAL COMPUTMTONS

The time constant and the steady-state r~ation and conduction
error may be expressed, to an accuracy sufficient for &El practical pur-
poses, in terms of the experimentallymeasured static pressure and total
temperature and of the lhch ntier, the value of which is readily
obtainable from the experimentallymeasured static and total pressures.
The nmerical formulas for t@e intermediate quantities required for the
numerical expression of the appro-te values of radiation error, time
constant, and conduction error _ be derived in sequence.

viscosity. - The viscosity p of air is independent of pressure
and c= be expressed in terms of the temperature by means of the formu-
las

v = o.159xlo-6 !r0”6’lbm/ [(aec)(ft)]

(C1.a)

(Clb)

where T is in %, to within 1 percent in the range 460°<T<23000 R,
if values given by reference 3, quoting a personal communication from
Genereaux, are assumed. ti equation (Cla), ~. is the viscosity of
air at temperature To. Equation (C1.b)is based on assming u equal
to 11.9X10-6 pound mass per second per foot at To = 519° R. I? will
be assumed that formula (Clb) can be extrapolated to the interval
400°<T<30000 R.

Reynolds nuuiber.- The Reynolds nuniber Re can be expressed in
terms of Mach number, pressure, temperature, and wire diameter by use
of formula (Cl) for the viscosity, the universal gas law, and the for-
mula for the velocity of sound

(C2a)

where r is the specific gas constant for air. Formula (C2a) maybe
written

Re = 1.0W09 DMpTa-l”H fi (cZ%)

*
m-

—. —
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where D is in inches, p is in atmospheres, and T is in %. The
Reynolds nudber so defined involves “theevaluation of the gas properties
at static pressure and static temperature. H, in order to improve the
correlationbetween heat tr-fer and aerodynamic conditions, a differ-
ent Reynolds number Re* is def$ned that involves evaluation of the gas
density and viscosity at total.rather thsm at static temperature, the
conversion formula

maybe applied to

Re* z

equation (C2) to yield

This formula maybe written

Re* = 1.01X109 D

~ D> P) and T are in

‘p ‘;’””[~i+= M21-”2
inches, standard atmospheres, and %,

(C3)

(C4a)

(C4b) “

. respectively and To (= 1.40) is the value of T at NACA standsrd
sea-level conditions.

Thermal conductivity. - Because adequate experimental data on the
thermal conductivity of air at high temperatures are unavailable, the
thermal conductivity kg wilJ be computed on the assumptions that the
Prandtl ntier is constant and equal to 0.71, the viscosity is givenby
eqmtion (Cl), the specfiic heat of air is given by the values tabulated
in reference 10 for the taqperature range 460°CT<40000 R, and the
specific heat ‘-temperature relation canbe extrapolatedto 400° R.
Since little information is available regarding ~ variation of Prandtl
nuuiberof air with taqperature, and some of the information is contra-
dictory, it has been recomendedby Dr. E. R. G. Eckert of the Lewis
laboratory that an assumption of constant fiandtl nudber be made. The
value suggested byDr. Eckert is the latest value at room temperature,
as given by reference Il. The formulas

. .

0.78
kg=kg,o W%)

kg= 3.03Xl,ti8T0”78 Btu~ft) (sec)(%]

(C5a)

(m))

——. .. —— —-— — —— ~ —— -— —.- ———
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where T is in %, then fit the computed values
range 400°CT< 3000° R. In formula (C5a), %,0

NACA TN 2599

within 2 percent in the
is the thermal con-

ductivity of air at temperature TO. In for@a (C5b), the value of
kg,o is taken as 4.0XIO-6 Btu/[(ft)(see)(%)] at To = 519° R.

Nusselt nuniber.- ~ertion of fomm.ilas(C4a) and (C4b) into equa-
tion ~26a) leads to

Nu

Nu

= 0.431

= 1.37X104 (D M p)
V2T;060 [~(.+T,.#,”

(C6a)

where, h
atmospheres, and %, respectively.

“equation (C6b), the units of D, p, and q are inches,

(c6b)

The computit ions of the quantities Bl, T1> and ql require
lmowledge of the thermal conductivity of air. The uncertainty in lamwl-
edge of this quantity is sufficiently large that no appreciable increase
in total.error results by use of y = 1.34, as an average value over
the temperature range 500°< Tt < 3000° R, for computation of ~, T~,
and ql. Formula (C6b) then becomes

Ill=
l/2

1.36xl& (D M p) Tt‘0.60 (1 + 0.2M2)-1’4 (C6C)

Steady-state radiation error. - Computation of the steady-state
radiation error is conveniently accomplishedby first evaluating the
qyantity F1 . Xnsertion of equation (C5) (evaluated at total tempera-
ture) and equation (C6) into equation (13d) and replacement of the

quantity qo .18 by the almost numerically equal qyantity ~0.18 yield

r~1 = 0.97xl@0Tw3.82 & (1 + 0.2M2)~14 (OR) (C7b)

,
.“

..

. .

-. --. .— . .
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where, in equation (C7b), the units, D, p, and Tw are inches,
. c@nospheres, and %, respectively. The nomograph of figure 16(a) yields

pl when M, D, p, and ~ are given.

The radiation error may then be computed as

Radiation error = F [(. - ag,d)&) -(1 -~g)]

where

(la)

(13C)

In the absence of conduction, the actual gas temperature T
e

is then
obtained by subtracting the radiation error from the tidica ed wire
t~erature ~.
.

The quantity ~ cw represents approximately the error “presentwhen
Td/T& = 1.2. As an aid to computation, a nomograph f~ (Td/’I&)4 is

presented in figure 16(b).

Thne constant. - The computation of Tl) the thne constant in the
.

absence of raiMation or conduction, is accomplished by inserting equa-
tions (C5) and (C6) into eqyation (lb), @elding

l/2rl/4 0.435
0.58v0

3/2

‘o W@
Tl =

k
(M P)

1/2 0.1871/4
g,o

‘t

(“+=+’4“’a)

pwcwD3/2
T~ = 4.20 (1 + 0.2M2)1’4 sec

(M J/2%0.18

‘where, in equation (C8b), the units are

pwcw Btu/c(ft3) (OR)) .

D inches
. .

P atznosph=es

.
Tt OR

(cab)

.——. .—— —.— .—
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A numograph for the calculation of 71 appe=s in figure 17. The
ftist turning ltie has been graduated to give directly the value ‘o,

the time constant of a platinw ~ at NACA standard sea-level cond.i-
tions. The final result of the nomograph is TptY the time constant

of a platinum wire at the given aerodynamic conditions. The time con-
stant T1 for w3re of any other material.is obtained by multipl@ng

‘~ by (Pwcw)/(P~cpJ “ The the constant T in the presence of

radiation is

(C9)

A tabulation of (PW+PHQ for various thermocouple materials
is given h table 1. A tabulation of the srithmeticaJly averaged values
for comonly used thermocouple patis is given in table II and is
repeated for convenience in figure 17. The values appearing in table I
were obtatied from references 12 and 13 and are believed to represent
the best values available. The data in figure 17 are thus sufficient
for esthnattig T1 for any group of aerodynamic conditions that may o

normsll.ybe encountered in aircraft engine operation.

Steady-state conduction error. - Computation of the steady-state
conduction error is conveniently accomplished by ffist evaluating the
conduction parsmeter TIL. H the time constant T has already been
determined, T@ may be computed most simply by use of equation (hi) as

L2

(vL)2 = ~K . (Clo)

The diffusivities of various materials are listed in table I.

H the time co&ant is not lmnzu, qL may be computed by inserti-
ng equations (C5) and (C6) into equation (lILc),yielding

1.72 k

(T11L)2=
g]o

1 2 1/4 0.435
Po’r ‘o

(MP)
l/2 0.18

‘t
32

D’kw

T

.-

1/2To.18(@))2 .

(nlL)2
-3 (D M p)

= 1.65X1O
~ (1 + oo2M2)1/4

(Cl,lb)

..

-.

.— — —.——— -.—.
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where in equation (Cllb) the units are

~ Btu/ ~sec) (ft)(OR~

D,L inches

P atmospheres

Tt %

Anomograph to facilitate calculation of (qlL)2 is ~esented in fig-

ure 18. 5e final result of the nomograph is (?llL)M , the value of

(v~L)2 for a platinum wire at the given aerodynamic conditions. The

value of (qlL)2 for a w5re of different material is obtained by
2 by (~/kw)”multiplyhg (TIL)H Values of (~/kw) are presented

in table I. A tabulation of the harmonically averaged values of ~.~

for commonly used thermocouple pairs is given in table II and is

repeated for convenience in figure 18. The value of (~)2 is then

.

.
,.

,.

and

two
the

Finally, the conduction correction factor is

~m = sech f7L/2) (B8)

is given graphic~y in figure 19.

Corrections for differencesbetween thermocouple wires. - H the
thermocouple materials differ appreciably h thermal conductivity,
computation of (qlL) by formula (Cll) should be carried out for

each half of a wire, &l then the effective (TIL) forthe Pafi ofwfies
determined as indicated in part III of appendix B. If the two thermo-
couple materials are sufficiently alike, the effective thermal conduc-
tivity is the harmonic mean of the values for the individualmaterials.

~ the two thermocouple materials differ in the values of ew and

of P~+J the effective values of these qmtities are the =i@etic

means of the respective values for the individual materials.

Time constant in presence of radiation and conduction. - The the
constant in the presence of radiation and conduction is

.— .— ..—-.. —. .— . ..—. — — —— -.— —. ..-
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1 ‘**
T (l-vm) -=71

(1 + 4@w@w)
(C12)

Gas temperature in presence of radiation and conduction errors. -
The gas temperature when the’thermocouple is subject to both radiation
and conduction errors is

~= TW-+-ag,d)@ - (l-~g]] - (~-Tw)V@-Vm,T

‘Tw-F[(l-ag@) (%7 -‘l-’.)l-‘%-TW)‘m1
(C13)

where ~ is the support temperature.
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TABLE I- PRoPERT’lEsQF THERMOCOUPLEELEMENTS AIVDALLOYS

T

Material

Platinum

Rhodium

Platinum
plus
13 per-
cent
rhodium

KLumel

Chromel

Constalkall

ZOpper

mminnm

1354

774

1.261

537

545

553

491

555

169

Specific
heat, ~

0.0324

.058

.0357

.124

.106

.099

.107

.093

.220

Thermal
conduc-
tivity, kw

O.o~42

.0125

b .00484

c .0048

c .0031

.0038

.0096

.0616

.0325

Diffusiv-
ity, K

in.2

()sec

0.0381

.040

.0155

. aLo3

.0077

.Olq

.0268

.172

.126

%valuated for range 530° to 660° R except where noted.

%valuated at 530° R.

%valuated at 660° R.

1

1.05

1.05

1.55

1.34

1.27

1.22

1.20

0.87

1

.92

2.38

2.3

3.7

2.9

1*I9

.19

.35

. .



.

.

.

.

A

TABLEII - PROPERTIES OF THERMOCOCJPIEPAIRS
v

[3ubscript A denotes positive material. This material is listed
first h the pair~

Material (~)~+(

@.&) ‘%)’ P (~~ (:;)O”’ ‘($~y

Platinum plus 1.02 1.69 1.54 0.0220
13 percent
rhodium -
platinure

C!5romel-almmel 1.45 3.0 .el .0088

(!hromel-constamtan 1.31 3.3 .90 .0087

Dxln-constantszl 1.25 2.1 1.59 .0146

-—__. _— _____
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TABLE IIZ - VALUES OF q’L
T

rI’L . I—

~AI

—

1

—

2

—

3

—

4

—

5

—

10

—

‘A,B 51 2 3

3.00
2.16
1.67
1.30
1.00

3.00
2.69
2.43
2.21
2.00

4

.4.00
2.54
1.85
1.38
1.00

4.00
3.25
2.73
2.33
2.00

10

10.00
3.25
2.15

5.CK
2.8C
1.97
1.43
1.OC

5.00
3.68
2.94
2.41
2.00

1.0
.5
0
5

-;:0

1.0(
1.0(
1.0(
1.0[
1.OC

2.00
1.66
1.40
1.19
1.CD

2.00
2.00
2.00
2.00
2.00

1.5L
1.00

10.00
4.52
3.28
2.54
2.00

10.00
5.55
4.30
3.55
3.00

10.00
6.48
5.28
4.54
4.00,

1.0
.5
0
5

-;:0

1.OC
1.19
1.4C
1.66
2*OC

1.0
.5
0
5

-;:0

1.0
.5
0
5

-::0

1.0
.5
0
5

-;:0

1.OC
1.30
1.67
2.16
3.00

1.00
1.38
1.85
2.54
4.00

1.00
1.43
1.97
2.80
5.00

2.00
2.20
2.43
2.69
3.00

2.00
2.33
2.73
3.25
4.00

2.00
2.41
2.94
3.68
5.00

3.00
3.00
3.00
3.00
3.00

3.00
3.21
3.44
3.70
4.00

3.00
3.34
3.75
4.27
5.00

4.00
3.70
3.44
3.21
3.00

4.00
4.00
4.00
4.00
4.00

5.00
4.27
3.75
3.34
3.00

●

5.00
4.70
4.44
4.21
4.00

4.00
4.21
4.44
4.70
5.00

5.00
5.00
5.00
5.00
5.OQ

10.00
7.33
6.23
5.52
5.00

10.00
LO.00
10.00
LO.00
10.00

4.00
4.54
5.28
6.48
.0.00

5.00
5.52
6.23
7.33
-0.00

1.0
.5
0
5

-;:0

1.00
1.51
2.15
3.25
.0.00

2.00
2.55
3.28
4.52
LO.00

3.00
3.55
4.30
5.55
LO.00

—— —
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TABLE IV - VALUES OF q“L
v.

q“L

W$

1

2

3

4

5

10

———

32
%

0.01
.02
.05
.10
.20
.50

1.0

@(L-L’ )

11010.2
10.2
10.2
10.3
10.4
10.6

2

2.31
2.32
2.34
2.38
2.46
2.68
3.00

3.04
3.05
3.09
3.15
3.26
3.57
4.00

3.94
3.95
3.99
4.06
4.19
4.53
5.00

4.90
4.92
4.96
5.03
5.17
5.52
6.00

5.89
5.90
5.94
6.02
6.15
6.51
7.00

LO.8
1.O.9
LO.9
U.o
U.1
U.5
Lz.o

1

1.45
1.45
1.47
1.51
1.57
1.75
2.00

2.31
2.32
2*34
2.38
2.46
2.68
3.00

3.27
3.28
3.30
3.35
3.43
3.66
4.00

4.26
4.27
4.29
4.34
4.42
4.66
5.00

5.25
5.26
5.28
5.33
5.42
5.65
6.00

LO.2
LO.2
LO.2
LO.3
LO.4
LO.6
U.o

——.

3 4 5

5.2!
5.2[
5.2:

5.3:
5.4
5.6(
6.0(

3.27
3.28
3.30
3.35
3.43
3.66
4.00

4.2f
4.27
4.29
4.34
4.42
4.66
5.OC 11.o

10.8
10.9
10.9
11.o
I.1.l
1.1.5
12.o

.01

.02

.05

.10

.20

.50
L.O

.01

.02

.05

.10

.20

.50
..0

.01

.02

.05

.10

.20

.50
..0

.01

.02

.05

.10

.20

.50
..0

.01

.02

.05

.10

.20

.50
0-

3.94
3.95
3.99
4.06
4.19
4.53
5.00

4.90
4.92
4.96
5.03
5.17
5.52
6.00

5.8$

5.9(
5.94
6.02
6.E
6.51
7.OC

6.74
6.75
6.81
6.89
7.05
7.46
8.00

4.80
4.82
4.87
4.95
5.09
5.48
6.00

5.76
5.77
5.82
5.91
6.06
6.47
7.00

5.76
5.77
5.82
5.91
6.06
6.47
7.00

6.70
6.72
6.78
6.86
7.03
7.45
8.00

11.7
11.7
1.1.8
11.9
12.0
12.4
13.o

,.

7.68
7.70
7.75
7.84
8.01
8.44
9.00

8.66
8.67
8.73
&.82
8.99
9.43
LO.(X)

12.6
12.7
12.7
12.8
13.o
13.4
14.0

13.6
13.6
13.7
13.8
14.p
14.4
15.o

6.74
6.75
6.81
6.89
7.05
7.46
8.00

7.68
7.70
7.75
7.84
8.01
8.44
9.00

— ——.—.._. -

U.7
U.7
U.8
U.9
L2.o
L2.4
L3.o

L2.6
L2.7
L2.7
L2.8
L3.O
L3.4
L4.O

L3.6
L3.6
-3.7
L3.8
!4.0
-4.4
L5.O

18.6
18.6
18.7
18.8
18.9
19.4
20.0

-.

.

—.—.. _ .
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Air Flow
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Figure 2. -Basis thermocouple designs (developed views).
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~ ‘i-
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configuration

o.

..

.

-e

0.25

I configuration

lT!F
Metal

‘be=

k
1.0

/
ceramic J-

,.,
tubing ‘

I
d ;

Themououple~
o junotion

Probe Thermocouplematerial a

A Chromel-constantan 0.02

I B --------so.---------- .04

I c --------so . ---------- I .10

D Iron-constantan I .04
E Chromel-alumel .04

F Platinm plus 13- .04
percent rhodium -
platinm

G Chromel-oonstantan ----

0.25

.30 I .10 .0176 I

=-EE=E-
.30 I .10 .0155 I

.30 .10 .0174 I

---- --- .0176 Straight wire

lD1.mension d is the average of eight measurements.

Figure 8. - Thermocouples used for test purpses. Air flow perpendic-
ular to @ane of thermocouple loops. (All di.mensiom sre in inches.)
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(a) Chromel-constantan thermocouple.

Figure 10. - Time constants of thermocouples with Reynolds number based
on static temperature. Lines drawn through data points for M< 0.5.
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